ABSTRACT: Hypoxia induces a complex circuit of gene expression that drives tumor progression and increases drug resistance. Defining these changes allows for an understanding of how hypoxia alters tumor biology and informs design of lead therapeutics. We probed the role of microRNA-544 (miR-544), which silences mammalian target of rapamycin (mTOR), in a hypoxic breast cancer model by using a small molecule (1) that selectively impedes the microRNA's biogenesis. Application of 1 to hypoxic tumor cells selectively inhibited production of the mature microRNA, sensitized cells to 5-fluorouracil, and derepressed mRNAs affected by miR-544 in cellulo and in vivo, including boosting mTOR expression. Thus, small molecule inhibition of miR-544 reverses a tumor cell's physiological response to hypoxia. Importantly, 1 sensitized tumor cells to hypoxia-associated apoptosis at a 25-fold lower concentration than a 2′-Omethyl RNA antagomir and was as selective. Further, the apoptotic effect of 1 was suppressed by treatment of cell with rapamycin, a well-known inhibitor of the mTOR signaling pathway, illustrating the selectivity of the compound. Thus, RNA-directed chemical probes, which could also serve as lead therapeutics, enable interrogation of complex cellular networks in cells and animals.
A hallmark of tumorigenesis is the rapid, uncontrolled proliferation of incipient cancer cells due to aberrant cell cycle regulation. 1 Uncontrolled cell growth creates a hypoxic microenvironment with the emerging tumor, adaptation to which is essential for tumor progression. The transcription factor HIF-1α, which is induced in response to hypoxia, orchestrates cellular responses in tumor cells that promote survival in a low oxygen environment. 2 For example, HIF-1α induces expression of Ataxia telangiectasia mutated (ATM) protein and represses mammalian target of rapamycin complex 1 (mTORC1) activity, thereby restricting cell growth and metabolism in response to low oxygen. 3 HIF-1α also functions as a potent inducer of the epithelial-to-mesenchymal transition (EMT), which imparts tumor cells with invasive properties that allow escape (metastasis) from the low oxygen environment. 4 Importantly, emerging evidence suggests that a period of hypoxic stress occurs almost universally during tumorigenesis, and adaptation of tumor cells to hypoxia selects for drug resistant and metastatic phenotypes. 2, 5 Indeed, recent studies indicate that over 50% of locally advanced breast cancers have hypoxic regions, which reduces the overall effectiveness of chemotherapy and radiation. 6, 7 Consequently, probing hypoxia-responsive pathways provides a means to identify novel drug targets that can be exploited to disrupt pathways that drive metabolic adaptation of tumor cells to hypoxic stress, thus preventing progression of emerging tumors and their metastasis and relapse after therapy.
Previously, we identified a cluster of seven microRNAs (miRNAs; miRs-300, 382, 494, 495, 539, 543, and 544) within the imprinted DLK1-DIO3 locus that target proteins involved in tumor metastasis and showed that expression of this miRNA cluster is dysregulated in invasive ductal carcinomas. 8 To further interrogate the role of miR-544 in tumor cell growth under hypoxic and normoxic conditions, we designed a small molecule that inhibits miR-544 biogenesis using a strategy named Inforna. 9 Using this small molecule probe to interrogate miR-544 function, we demonstrate that miR-544 is strongly induced in tumor cells in response to hypoxia and directly represses expression of mTOR. Although HIF-1α, ATM, and miR-544 act synergistically to maintain a hypoxic state (see Figure 8 ), we show that inhibition of miR-544 processing with the small molecule (i) selectively induced apoptosis in triple negative breast cancer cells in response to hypoxic stress, (ii) sensitized these cells to 5-fluorouracil in vitro, and (iii) blocked their growth in vivo when transplanted to immunodeficient mice. Importantly, the small molecule targeting miR-544 elicited effects similar to that seen using a synthetic miR-544 antagomir but at a 25-fold lower concentration. Collectively, these studies illustrate that small molecule modulation of miRNA function can exert physiological responses in cancer and have broad applications in the design of RNA-targeting small molecule chemical probes and lead therapeutics.
■ RESULTS AND DISCUSSION
MiR-544 Regulates mTOR expression. Previously, we reported that miR-544 modulates tumor cell growth by regulating the ATM pathway. 8 Both ATM and mTOR signaling pathways play critical roles in metabolic adaptation of tumor cells to hypoxic stress. 3, 10, 11 To demonstrate a role for miR-544 in this process, we quantified expressed levels of miR-544, ATM, mTOR, and HIF-1α in the breast adenocarcinoma cell lines MDA-MB-231 and MCF-7 and nontumorigenic mammary epithelial cell line MCF-10A under hypoxic (<1% O 2 ) and normoxic (21% O 2 ) conditions. Quantitative real time PCR (qRT-PCR) revealed significant induction of miR-544, HIF-1α, and ATM and significant down-regulation of mTOR transcripts in both tumor cell lines following exposure to hypoxia (Figure 1a) . Additionally, Western blot analysis confirmed that hypoxic conditions induced accumulation of HIF-1α in cells (Supporting Information Figure 1 ). In contrast, no significant change in miR-544 or mTOR expression was observed in MCF-10A cells exposed to hypoxia as compared to normoxia, although HIF-1α and ATM were induced by low oxygen. A bioinformatics analysis of the 3′ untranslated region (UTR) of mTOR revealed two potential miR-544 binding sites (Figure 1b) . Using a luciferase reporter fused to the 3′ UTR of mTOR, we confirmed that miR-544 represses mTOR expression (Figure 1c ). These studies, together with our previous findings, 8 demonstrate that miR-544 modulates ATM and mTOR activity in response to hypoxia, confirming its role in metabolic adaptation of tumor cells to hypoxic stress. Based on these data, we hypothesized that inhibition of miR-544 biogenesis could short circuit this adaptive response, thereby inhibiting tumorigenesis.
Design of RNA-Targeting Small Molecules and Assessment of Lead Compound Activities Using a Novel Cellbased Screening Platform. The most common approach to targeting RNA is to use Watson−Crick base complementarity to design antisense or siRNA oligonucleotides. As an alternative, we employed a rational design-based approach 9 to identify small molecules that block miR-544 function by direct binding to the precursor miRNA. Briefly, the miR-544 hairpin precursor's secondary structure (Figure 2a ) was obtained from miRbase, parsed into its composite motifs, then compared to a database of RNA motif−small molecule binding partners using a computational approach termed Inforna. 9 The hypothesis is that if compounds are identified that bind to these isolated motifs that they could bind to the biological RNA target and affect function.
In this application of Inforna, we queried over 900 small molecule−RNA motif binding partners to identify compounds that are predicted to bind the 1 × 1 nucleotide UU internal loops present in Dicer and Drosha processing sites within the miR-544 hairpin precursor. We previously showed that small molecule binding to processing sites can inhibit miRNA biogenesis; 9 thus binding of small molecules to the Dicer or Drosha processing sites in miR-544 could reduce levels of the mature miRNA and increase levels of its downstream targets such as mTOR by derepressing the effect of the microRNA on this target. No exact hits for either the Dicer of Drosha site motifs were identified when one includes both the 1 × 1 nucleotide internal loop and the internal loop's closing base pairs. Based on previous studies that showed the closing base pairs may or may not affect binding, 12, 13 we utilized Inforna to identify lead compounds that can target any RNA 1 × 1 nucleotide UU internal loop. These compounds would then be screened and tested for modulation of microRNA 544's biogenesis. Five potential heterocyclic lead small molecules (1−5; Figure 2b ) were identified using this approach. Compounds 1 and 2 were previously shown to inhibit dysfunction of expanded r(CUG) repeats (r(CUG) exp ), which fold into a hairpin structure with repeating 1 × 1 nucleotide internal loops and cause myotonic dystrophy type 1.
14,15 Likewise, 4 was assembled into multivalent compounds that inhibit r(CUG) exp dysfunction. 16 It is important to note that although compounds 1, 2, and 4 do bind r(CUG) exp linked to myotonic dystrophy and have shown efficacy in treating the disease, these repeats are only found in individuals with myotonic dystrophy type 1 17 and thus do not represent a potential off-target. Further, our studies described below suggest that 1 selectively targets the miR-544 hairpin precursor, vide inf ra. Compound 3 binds a UU loop in miR-96 and inhibits its biogenesis. 9 Because heterocyclic, drug-like compounds were identified, there is the potential of being able to modify these compounds, if needed, to enhance binding or other pharmacological properties more easily than compared to, for example, aminoglycosides.
To assess the bioactivity and in cellulo selectivity of our lead small molecule for miR-544, we developed a novel fluorescent-based miRNA-drug interaction screening platform, pGRB-miR, capable of high-throughput application. The pGRB-miR vector expresses (i) the intergenic region coding for the miR-544 premiRNA sequence downstream of a GFP reporter (CMV promoter), (ii) the 3′ UTR from BMI1, a validated miR-544 target, 8 fused to an RFP reporter (PGK promoter), and (iii) a BFP reporter that serves as an internal transfection normalization control (SV40 promoter; Figure 3a ; Supporting Information Figures 2 and 3 ). This configuration identifies miR-544 small molecule inhibitors or stabilizers based on changes in the RFP/BFP fluorescence ratio and serves as an effective and novel tool to identify selective miRNA modulators. We confirmed that 1 and 2 disrupt miR-544-mediated inhibition of BMI1 based on significant increases in the RFP/BFP ratio using this platform (Figure 3b ). Moreover, they had no effect on fluorescent output from orthologous screening vectors lacking the pre-miR-544 or BMI1 3′ UTR sequences, indicating that the probes target the miRNA rather than the interaction between the miRNA and mRNA target sequence. A miR-544 antagomir also increased the RFP/BFP ratio of pGRB-miR but to a lesser extent than 1 and 2 and also had no effect on orthologous screening controls. To further assess the structure−activity relationships of 1, we made several derivatives of this structure. We synthesized three derivatives of 1 in which the pyrrolidine was substituted with morpholine, methylpiperazine, or piperazine (6−8, Figure 2b and Supporting Information Figure 4) . 18, 19 Each of these compounds that have various ring substitutions were not as bioactive as the parent compound.
Consistent with these data, qRT-PCR analysis of MCF-10A cells treated with 1 or 2 resulted in accumulation of pre-miR-544 and a decrease in miR-544 levels ( Figure 3c ). In contrast, a synthetic miR-544 antagomir reduced levels of the mature miRNA but had no effect on precursor levels. Herein, 2 was less effective at reducing miR-544 levels in cellulo as compared to 1. Consequently, we employed a secondary luciferase-based screening assay to directly verify biogenesis inhibition of the mature miRNA by analyzing the effect of 1 on the activity of either the pri-miRNA or the mature forms of the miRNA using multiple downstream 3′ UTR target sequences. Indeed, 1 selectively inhibited the function of pri-miR-544 but not miR-544, preventing down-regulation of luciferase fused to either the 3′ UTR of BMI1 or mTOR, indicating the mechanism of action is a block in miRNA processing (Figure 3d ). The siRNA inhibition of Dicer in the presence of 1 prevented pre-miR-544 down-regulation of mTOR, indicating that the mechanism of inhibition of 1 is Dicer-dependent (Supporting Information Figure 5 ).
One of the major hindrances to using RNAi as a mechanism to probe molecular pathways is poor cellular uptake and the requirement for cellular delivery of these compounds to be enabled by transfection agents. 20, 21 The issue is confounded in patients due to a variety of reasons. First, blood RNases, as presented by certain malignancies such as breast cancer, can rapidly degrade the oligonucleotide. 22, 23 Second, tumor microenvironments contain a complex mixture of cell types that can have very different transfection efficiencies. Therefore, we compared the uptake of 1, which is fluorescent, to a fluoresceinlabeled anti-miR-544 antagomir. Flow cytometric analysis confirmed that the uptake of 1 into MDA-MB-231, MCF-7, and MCF-10A cells was highly efficient and exceeded that of the dye-labeled miR-544 antagomir, which was transfected into cells using lipofectamine (Figure 3e ). The antagomir treated cell lines contained significant populations of cells that failed to take up the antisense oligonucleotide (33% of MCF-7 cells, 44% of MDA cells, and 21% of MCF-10A cells, respectively). Additionally, the uptake of 1 was confirmed by fluorescent microscopy, which showed general localization to the cytoplasmic space (Figure 3f ) indicating inhibition of Dicer processing as the primary mechanism of miRNA biogenesis ablation.
Affinity and Selectivity of 1. Next, we measured the affinity of 1 for RNA constructs that contain Dicer or Drosha sites in the miR-544 hairpin precursor and to a control RNA in which the 1 × 1 nucleotide UU loop in the Dicer site is replaced with an AU base pair (Supporting Information Figure 6 ). These studies showed that 1 bound selectively to RNAs containing the 1 × 1 nucleotide internal loops with binding constants in the midnanomolar range (Figure 4a ) but failed to bind to the control RNA constructs.
We also performed binding assays of compounds similar to 1 (6, 7, and 8) to study the effect of steric bulk toward selectivity of the miR-544 hairpin precursor. Compound 1 was most selective for the Dicer site (greater than 50-fold over the base paired control) followed by compound 8 (40-fold selectivity), while compound 7 exhibited the least selectivity (7-fold), and no binding was observed for compound 6 up to 10 μM of RNA. On the basis of these results, it is likely that compounds 7 and 8 have diminished selectivity relative to the starting compound due to the addition of a hydrogen bond donor or increased charge. The pK a of the amine on the substituted ring methyl-piperazine or piperazine is approximately 7−9 and could increase its nonspecific binding. Compound 6, the morpholino derivative, was inactive presumably because of the addition of steric bulk and partially negatively charged ring oxygen, which ablated binding to the target RNA. Collectively, these studies show that recognition of the RNA by the entire molecule and a balance between hydrogen bond donors, charge, and partial charge drives bioactivity and selective target recognition.
To confirm that the small molecule did not bind DNA, we performed gel shift assays with 1 and a 650 bp DNA fragment. No binding was observed even when 1 was added in 1500-fold excess (30 μM vs 20 nM; Figure 4b ). The ability of 1 to inhibit processing of the miR-544 precursor in vitro by Dicer was also evaluated using an RNase protection assay. As shown in Figure 4c , compound 1 inhibited nuclease processing of the hairpin precursor at nanomolar concentrations in a dosedependent manner. Collectively, these studies show that Inforna-designed small molecules can selectively bind to the miR-544 hairpin precursor and affect its biogenesis/maturation at low nanomolar concentrations.
Microarray analysis was subsequently used to analyze the selectivity of 1 for the miR-544 precursor in cellulo. In these studies, we compared the selectivity of 1 to a miR-544 antagomir, which allowed us to probe differences in target modulation, e.g. a small molecule that recognizes an RNA structure versus an oligonucleotide that recognizes sequence. The miRNA microarray was performed on hypoxic MDA-MB-231 cells treated with either a 500 nM miR-544 antagomir or 20 nM 1. Little dissimilarity in the miRNA expression profiles between the two treatment groups was observed based on the Pearson correlation coefficient (r = 0.9896) indicating that 1 is at least as selective as the miR-544 antagomir (Figure 4d ). As seen in Supporting Information Figure 7 , miR-544 exhibited the largest decrease in expression when treated with either miR-544 antagomir or 1 when compared to an untreated sample. A strong correlation (r = 0.9980) was also observed between treatment groups based on mRNA microarray (Figure 4e ), revealing few if any off-target events that may complicate probing of the miR-544 signaling pathway in hypoxic cancer cells.
Small Molecule Inhibition of miR-544 Biogenesis Impairs Survival in Response to Hypoxia and Enhances Chemosensitivity of Tumor Cells. We completed a comparative systems biology approach to assess the ability of 1 to modulate miRNA function in order to produce a physiological response in cellulo and in vivo in hypoxic cancer models. We began by gauging the responsiveness of cancerous and noncancerous breast cell lines in either hypoxic or normoxic environments to interruption of miR-544 signaling by either antagomir or 1 treatment. As anticipated, treatment with 1 decreased miR-544, HIF-1α, and ATM transcripts and increased mTOR transcripts as determined by qRT-PCR analysis in MDA-MB-231 and MCF-7 cells under hypoxic conditions to a similar extent as a miR-544 antagomir but at a 25-fold lower concentration (Figure 5a ). Compound 1 yielded similar affects in MCF-10A cells, but treatment with a miR-544 antagomir failed to significantly alter ATM and HIF-1α levels. Given that miR-544 overexpression in normoxic cancer cells induced G1-S phase arrest, 8 we examined if inhibition of miR-544 in a hypoxic microenvironment results in increased cell proliferation resulting in failure of cells to engage hypoxiamediated survival mechanisms. Flow cytometric analysis of carboxyfluorescein succinimidyl ester (CFSE)-stained cells showed that 1-and antagomir-mediated inhibition of miR-544 prevented growth arrest of tumor cell lines under hypoxic conditions but had no effect on immortalized epithelial cells in normoxia or hypoxia (Figure 5b) .
Reduction of ATM levels in tumor cells under hypoxic conditions is associated with an mTOR-mediated apoptosis response. As anticipated, ATM and HIF-1α protein levels were significantly down-regulated, and mTOR protein levels were significantly up-regulated in MDA-MB-231 cells treated with 1 or a miR-544 antagomir under hypoxic conditions (Figure 5c , Supporting Information Figure 8 ). We studied if disruption of the miR-544 signaling pathway was sufficient to induce a hypoxic apoptosis response in our model by flow cytometric analysis. Treatment with both 1 and a miR-544 antagomir induced apoptosis in MDA-MB-231 and MCF-7 cells cultured in hypoxic conditions as indicated by increased Annexin V staining but had no effect on cell survival in normoxic conditions (Figure 5d and Supporting Information Figure 9a ). In contrast, miR-544 inhibition had no significant effect on the survival of MCF-10A cells in normoxia or hypoxia. To determine if the observed apoptotic effect was due to increased expression of mTOR, we attempted to block this effect by treating cells with rapamycin, a well-known inhibitor of the mTOR signaling pathway. 24 MDA-MB-231 cells cultured under hypoxic conditions were pretreated with rapamycin then exposed to the antagomir or 1. Both significantly suppressed miR-544 dependent hypoxia-induced apoptosis by approximately 5-fold (Figure 5d and Supporting Information Figure 9b ), indicating that increased levels of mTOR drive the apoptotic effect.
Hypoxia also selects for tumor cells with drug resistant phenotypes, thereby reducing sensitivity to chemotherapeutic agents. 25 Our data demonstrate that inhibition of miR-544 function impairs the ability of tumor cells to adapt to hypoxic stress in vitro and, therefore, should enhance their chemosensitivity to agents such as 5-fluorouracil (5-FU). As shown in Figure 6 , MCF-7 and MDA-MB-231 cells treated with 1 or a miR-544 antagomir exhibited significantly reduced chemoresistance to 5-FU under hypoxic conditions as examined by MTT assay. Collectively, these studies confirm a role for miR-544-dependent modulation of the ATM/mTOR axis in driving tumor cell adaptation to a low oxygen microenvironment and the selectivity of 1 observed in the rapamycin rescue experiment. Moreover, they validate the platforms described herein used to identify and evaluate the activity of RNA-targeting small molecules and demonstrate that these molecules effectively inhibit miR-544, thus altering cellular responses to hypoxia with high potency and selectivity.
Potency of Small Molecule-vs Antagomir-Mediated Inhibition of miR-544 Activity on Tumor Growth in Vivo. Our in vitro comparative analysis between miR-544 antagomir and 1 in hypoxic breast cancer cell lines led us to assess the potential of 1 as a cancer therapeutic in an in vivo breast cancer model. To determine if miR-544 inhibition prevents metabolic adaptation of tumor cells to hypoxic stress in vivo, we implanted MDA-MB-231-GFP-luc cells subcutaneously into immunodeficient NOD/Scid mice. MDA-MB-231-GFP-luc cells were pretreated with either 20 nM 1, transfected with 500 nM miR-544 antagomir, or left untreated prior to implantation. Tumor progression was monitored weekly by physical palpation of the tumor injection site until tumor masses were apparent in untreated control mice. As expected, MDA-MB-231-GFP-luc cells produced large tumors that extended well beyond the margins of the inoculation site when untreated, but pretreatment with 1 or transfection with a miR-544 antagomir significantly impeded tumor growth in vivo as evidenced by live animal bioluminescent imaging at 3 weeks post-transplant (Figure 7a) .
In order for RNA-targeting therapies against hypoxia to be efficacious, they must be able to reach the low oxygen microenvironments within the tumor masses that tend to form away from sites of angiogenesis initiation. Therefore, we compared the therapeutic potential of 1 and the miR-544 antagomir by implanting MDA-MB-231-GFP-luc cells into NOD/Scid mice and then dosing mice 24 h later with a single intraperitoneal (IP) injection (100 μL of 40 μM 1 or 100 μL of 200 μM antagomir). Once again, nontreated mice exhibited significant tumor growth into surrounding tissues by 3 weeks post-transplant, whereas mice receiving a single IP injection of miR-544 antagomir had significantly diminished tumor growth (Figure 7b ). In contrast, two of three mice administered 1 had no detectable tumors by bioluminescent imaging. Importantly, IP injections of both 1 and miR-544 antagomir were generally well tolerated and produced no overt side effects. Established tumors were then resected and analyzed by qRT-PCR for expression of pre-miR-544, miR-544, ATM, mTOR, and HIF-1α. Macroscopic examination of the tumors revealed dramatic differences in size consistent with the bioimaging data (Figure 7c) . In untreated mice, levels of miR-544, HIF-1α, and ATM were elevated in the primary tumor, whereas tumors treated with either a miR-544 antagomir or 1 had significantly decreased levels of miR-544, ATM, and HIF-1α and increased levels of mTOR (Figure 7d,e) . Importantly, only tumors treated with 1 expressed increased levels of pre-miR-544, thereby confirming that 1 arrests tumor growth by impeding miR-544 biogenesis and altering expressed levels of miR-544 targets in vivo (Figure 7e) . As a whole, these data demonstrate that 1 is a more potent modulator of miR-544 function in comparison to the miR-544 antagomir and that 1 is capable of altering signaling pathways that drive adaptation to hypoxic stress even within an in vivo three-dimensional environment. Indeed, a single IP injection of 1 was able to produce dramatic reductions in tumor mass with long-lived effects over the course of 3 weeks.
Over the past decade, significant strides have been made in the development of RNA-based cancer therapeutics, but their clinical intervention has been hampered by the lack of suitable in vivo delivery methods that ensure sufficient cellular uptake and protect against nuclease degradation of the RNA. 20 Moreover, a growing number of studies indicate that synthetic siRNAs are potent inducers of the inflammatory immune response. 26, 27 Therefore, administration of high dose RNA-based therapeutics could potentially elicit anti-RNA antibody responses as seen in patients with systemic lupus erythematosus. 28 In this study, we have put forth a novel drug discovery platform to rapidly identify, screen, and test small molecule inhibitors of cancer-associated miRNAs. Using this platform, we have identified a small molecule that selectively impedes the biogenesis of miR-544 via direct binding and elicits biological responses with few offtarget effects at a potency that exceeds that of synthetic oligonucleotides. This small molecule exhibits rapid and efficient uptake in vivo as evidenced by changes in precursor and mature miR-544 levels and that of downstream miR-544 targets. Furthermore, our data demonstrate that targeting miRNAs that orchestrate metabolic adaptation to hypoxic stress provides a means to selectively sensitize tumor cells to hypoxia-induced killing and increase their sensitivity to chemotherapeutic drugs (Figure 8) . These synergistic studies demonstrate that RNA targets are indeed druggable with small molecules, which have improved activities and selectivities relative to oligonucleotides in vivo and open up intriguing possibilities for developing small molecule therapeutics for other disease-associated RNAs.
■ METHODS Cell Culture. Cell lines were obtained from the Cell-Based Screening Facility at The Scripps Research Institute. MDA-MB-231, MDA-MB-231-GFP-luc, and MCF-7 cell lines were maintained in RPMI 1640 supplemented with 10% FBS and 5% Pen/Strep. MCF-10A cells were maintained in DMEM/F12 supplemented with 10% FBS, 20 ng/mL EGF, 0.5 mg mL −1 hydrocortisone, 100 ng/mL cholera toxin, 10 μg/mL insulin, and 5% Pen/Strep, and HEK-293 cells were maintained in DMEM with 10% FBS and 5% Pen/Strep. Cells cultured under hypoxic conditions were maintained at <1% O 2 in a nitrogen filled hypoxic chamber with 5% CO 2 at 37°C (Billups-Rothenberg, Inc.) for a period of 5 days before conducting experimentation. Culture media were sampled for pH analysis to confirm similar pH conditions in cells exposed to hypoxia and normoxia and rule out effects of acidosis. Cells cultured under normoxic conditions were maintained in ambient air (∼21% O 2 ) with 5% CO 2 at 37°C. The RNAiMax transfection reagent (Life Technologies) was used to transfect cells with a miR-544 antagomir (Qiagen) via the reverse transfection method and Lipofectamine 2000 (Life Technologies) was used to transfect pGRB-miR and luciferase constructs according to the manufacturer's instructions.
Mice. NOD/Scid mice (B6.CB17-Prkdcscid/Sz, Jackson Laboratories) were housed in the Scripps Florida vivarium, and all experiments employing live animals were approved by the Scripps Florida Institutional Animal Care and Use Committee. MDA-MB-231-GFPluc cells (5 × 10 6 ) were pretreated with or without 1 (20 nM) or a miR-544 antagomir (500 nM) for 48 h. Cells were suspended in 100 μL of PBS/Matrigel (1:1 -BD Biosciences) and subcutaneously injected into mice. Tumor growth was monitored weekly, and after 21 days animals were imaged on an IVIS 200 system following IP injection of ). Alternatively, mice were injected with MDA-MB-231-GFP-luc cells (5 × 10 6 ) and 24 h later administered an IP injection of 1 (100 μL of 40 μM) or a miR-544 antagomir (100 μL of 200 μM), and tumor growth was monitored as described. Where indicated, tumors were resected from mice following euthanasia and analyzed by real-time PCR.
Gene Expression Analysis. Total RNA was isolated using the Vantage Total RNA Purification Kit (Origene) according to the manufacturer's instructions. cDNA was generated from 1 μg of RNA using the miScript II Reverse Transcription Kit (Qiagen). Quantitative real time RT-PCR was performed as previously described 8 using the miScript Primer Assays (Qiagen) for miR-544 and pre-miR-544. The sequences for all qPCR primers used in this study can be found in Supporting Information Table 1 . All mRNAs were normalized to GAPDH, and miRNAs were normalized to RNU6b (Qiagen). An unpaired Student's t test of the replicate 2 (-ΔCt) values for each gene in the control group and treated group were used to determine statistical significance.
Fluorescence-based Drug Screening. The pGRB-miR screening system was first calibrated by transfecting HEK-293 cells with pGRBmiR using Lipofectamine 2000 according to manufacturer's instructions. Cells were visualized at 24 h post-transfection by fluorescent microscopy to ensure efficient transfection before being plated in 384-well plates. Two days after plating, cells were analyzed by fluorescence using a combination of excitation/emission filters on a Sapphire Infinite 200 Pro plate reader (Tecan) to determine the optimal excitation and emission spectra for each of the three fluorescent proteins. These values were used to determine the ability of 1 to inhibit miR-544 regulation of BMI1. To do so, HEK-293 cells were transfected with pGRB-miR, pGRB-miR lacking miR-544, or pGRB-miR encoding a 3′-UTR of BMI1 wherein the miR-544 binding site was mutated. Cells were replated 48 h posttransfection in 96-well plates in sextuplicates and treated with either small molecule inhibitors of miR-544 (20 nM) or a miR-544 antagomir (500 nM). After a 48 h incubation period, expression levels of GFP, RFP, and BFP were quantified using a Sapphire Infinite 200 Pro fluorescent plate reader using the previously derived emission/excitation spectra for GFP, RFP, and BFP. The RFP/BFP ratio was used to determine changes in miR-544 activity relative to the overall transfection efficiency. GFP expression was used to gauge miR-544 expression. Additionally, luciferase secondary screens were performed to confirm the reproducibility of our pGRB-miR system. Briefly, HEK293 cells were cotransfected with either a pri-miR-544 or miR-544 mimic (500 nM) and a pmiRGlo (Promega) dual luciferase expression vector containing human genomic DNA-derived 3′-UTRs of either BMI1 or mTOR cloned downstream of firefly luciferase. Cells were treated at 48 h posttransfection with either 1 (20 nM) or a miR-544 antagomir (500 nM). After a 48 h incubation, luciferase assays were performed using the Dual Glo Luciferase Assay Kit (Promega) according to the manufacturer's instructions. An unpaired Student's t test of the replicate relative luminescence values was used to determine significance.
Cell Proliferation, Apoptosis, and Drug Uptake. MDA-MB-231, MCF-7, and MCF-10A were labeled with CFSE (0.5 μM) at 37°C for 15 min, washed three times with PBS, plated in six-well plates, treated with or without 1 (20 nM) or a miR-544 antagomir (500 nM), and then incubated in hypoxic or normoxic conditions for 5 days. Cell growth was determined by flow cytometric analysis using an LSRII (BD Biosciences). Alternatively, 1 or antagomir treated cells were dissociated from plates using 100 μL of Accumax, rinsed two times with PBS, and stained using the Annexin V APC Apoptosis Detection Kit (eBiosciences) according to the manufacturer's instructions. Cells were then incubated in propidium iodide (1 μg/mL) for 5 min and analyzed by flow cytometry. Where indicated, rapamycin (Mp Biomedicals Inc.) was added to the cell culture medium at a concentration of 100 nM. In a separate experiment, MDA-MB-231, MCF-7, and MCF-10A cells were transfected with a FITC-labeled miR-544 antagomir (500 nM) or treated with 1 (20 nM), incubated for 72 h under normoxic conditions, and analyzed by flow cytometry at 488 nm excitation/530 nm emission or 405 nm excitation/440 nm emission, respectively. Data analysis was performed using FlowJo Software (TreeStar).
DNA Constructs. The CMV promoter region was PCR-amplified from pCDNA3.1+ and ligated to eGFP, which was PCR-amplified from pCWD. The PGK promoter region was PCR-amplified from pmiRGlo (Promega) and ligated with DsRed (RFP) from pCAG-RFP-int (Addgene). The SV40 promoter region was amplified from psiChek2 (Promega) and ligated to BFP, which was PCR-amplified from pDONR223_BFP (Addgene). The CMV-GFP product was cloned into pBluescript II SK+ after restriction digest with KpnI and XhoI. After sequence confirmation, SV40-BFP was cloned into the NotI/SacII site of pBluescript-CMV-GFP, and PGK-RFP was cloned into the EcoRI/ BamHI site of pBluescript-CMV-GFP-SV40-BFP to generate pGRBmiR. MiR-544 was cloned downstream of the CMV-GFP site, and the 3′-UTR region of BMI1 was cloned downstream of the PGK-RFP site. Additional constructs lacking miR-544 and with a mutated miR-544 binding site in the 3′-UTR of BMI1 were generated in a similar manner.
Microarray Analysis. MDA-MB-231 cells were transfected with a miR-544 antagomir (500 nM) or treated with 1 (20 nM) and placed under hypoxic conditions for a period of 5 days. Total RNA was isolated as described above, converted to cDNA using the Affymetrix cDNA Synthesis Kit (Affymetrix), and transcribed in vitro using the IVT labeling kit. Sample cleanup was carried out using the GeneChip Sample Cleanup Module (Affymetrix). Biotinylated cRNA (20 μg) was fragmented and hybridized to either an Affymetrix GeneChip miRNA 3.0 Array or Affymetrix GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix) overnight. Data were collected using the GeneChip Scanner 3000 (Affymetrix) and then analyzed by the Genechip Operating software package. Microarray data can be accessed via Gene Expression Omnibus (GEO, accession number GSE64437). 
